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Abstract: Environmental pollution, particularly water 
contamination by heavy metals and organic pollutants, 
presents a critical global challenge requiring effective 
monitoring solutions. Colorimetric plasmonic 
nanosensors, primarily utilizing gold nanoparticles 
(AuNPs) due to their exceptional stability and tunable 
optical properties, offer a promising approach for 
rapid, cost-effective, and label-free pollutant 
detection. This review highlights recent advancements 
in AuNP-based colorimetric plasmonic nanosensors 
for environmental monitoring. We explore their 
fundamental sensing mechanisms and critically 
examine their applications in detecting a broad 
spectrum of waterborne contaminants, including 
heavy metals, inorganic species, and diverse organic pollutants. By showcasing the versatility and potential of 
these emerging technologies, this review emphasizes their significant contribution towards developing more 
efficient and accessible tools for mitigating environmental pollution and protecting public health. 
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1. Introduction 

Environmental pollution has become a critical global crisis, driven by rapid industrialization, urbanization, 
and unsustainable human activities [1]. Among the most pressing concerns is water pollution, which affects 
billions of people worldwide [2]. Over 80% of sewage is discharged into rivers and oceans without proper 
treatment, leading to widespread environmental degradation and increased disease prevalence [2,3]. Heavy metal 
contamination, particularly from toxic elements such as lead (Pb), cadmium (Cd) and mercury (Hg), poses a severe 
threat due to their bioaccumulative nature, resulting in long-term toxicity and ecological disruptions [4]. 
Additionally, organic pollutants from wastewater discharge contribute to oxygen depletion in aquatic ecosystems, 
elevating biochemical oxygen demand levels and endangering marine and freshwater life [5,6]. These combined 
factors underscore the urgent need for effective pollution control strategies to safeguard public health and  
the environment. 

Given the growing concerns over environmental pollution, developing advanced monitoring technologies is 
essential for effective detection and mitigation strategies. Traditional analytical techniques, including gas 
chromatography [7], mass spectrometry [8], atomic absorption and emission spectroscopy [9], and high-
performance liquid chromatography [10], provide high sensitivity and precision but are hindered by high costs, 
complex sample preparation, specialized equipment, and lengthy processing times. Furthermore, they are 
unsuitable for rapid, on-site monitoring, which is vital for timely pollution control. To overcome these limitations, 
there is growing interest in cost-effective and rapid detection methods. 
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Colorimetric plasmonic nanosensors offer high sensitivity, rapid response, and real-time detection 
capabilities [11–13], representing a class of cost-effective, label-free, and highly tunable alternatives to 
conventional analytical techniques for monitoring environmental pollution. Their detection mechanism relies on 
localized surface plasmon resonance (LSPR), where plasmonic nanoparticles, such as gold and silver 
nanoparticles, exhibit measurable optical shifts in response to analyte-induced changes in interparticle distance, 
particle size, or surface chemistry. This property enables colorimetric detection, allowing pollutants to be identified 
visually or with simple optical devices, eliminating the need for sophisticated laboratory settings. 

Gold nanoparticles (AuNPs) are the most popular building blocks for plasmonic nanosensors due to their 
high stability, biocompatibility, and highly tunable surface chemistry. While silver and copper nanoparticles are 
also plasmonically active, they are susceptible to oxidation and degradation under environmental conditions. The 
high chemical stability of AuNPs ensures low toxicity and long-term sensor reliability [14]. In addition, their well-
defined optical properties and ability to be functionalized with a wide range of ligands further enhance their 
selectivity and sensitivity toward specific pollutants. These characteristics make AuNPs particularly well-suited 
for the development of robust colorimetric nanosensors. 

As pollution continues to pose a significant threat to ecosystems and public health, colorimetric plasmonic 
nanosensors offer a promising approach for rapid and accessible environmental monitoring. This review explores 
recent advancements in AuNP-based colorimetric plasmonic nanosensors for environmental pollution monitoring, 
with a specific focus on their applications in detecting heavy metals, inorganic contaminants, and a wide range of 
organic pollutants. By leveraging these emerging technologies, more efficient and accessible solutions can be 
developed to mitigate environmental pollution. 

2. Fundamentals of Plasmonic Nanomaterials in Environmental Sensing 

2.1. LSPR—The Basis of Colorimetric Sensing 

LSPR is the fundamental principle behind colorimetric plasmonic sensors. It occurs when conduction 
electrons on the surface of plasmonic nanoparticles collectively oscillate in response to incident light (Figure 1A) 
[15]. The resonance frequency depends on several factors, including nanoparticle size, shape, interparticle 
distance, and the surrounding medium [16,17]. As shown in Figure 1B, for small spherical AuNPs, the primary 
extinction peak appears at 525 nm and progressively redshifts as the particle size increases. With larger particles, 
light scattering becomes more prominent, significantly influencing the overall optical properties [18]. In contrast 
to spherical AuNPs, gold nanorods (AuNRs) exhibit two distinct plasmonic peaks owing to their anisotropic shape: 
a transverse plasmon peak, which is associated with electron oscillation along the short axis, and a longitudinal 
plasmon peak, which occurs along the long axis. As the aspect ratio (length-to-width ratio) of AuNRs increases, 
the longitudinal plasmon peak redshifts significantly into the near-infrared (NIR) region, while the transverse 
plasmon peak remains relatively unchanged in the visible range (Figure 1C) [19]. This tunability in optical 
response makes AuNRs particularly useful for applications in biosensing, imaging, and photothermal therapy, 
where NIR light penetration is required [20,21]. 

Plasmonic coupling in LSPR-based sensing occurs when nanoparticles come into close proximity, leading to 
strong plasmonic interactions. In a well-dispersed state, individual AuNPs exhibit a distinct LSPR peak in the 
visible spectrum, typically producing a red-colored solution, as shown in Figure 1B. As illustrated in the 
electrodynamic modeling in Figure 1D, the plasmon band redshift becomes increasingly pronounced as the 
distance between the AuNP dimer decreases [22]. When this distance becomes smaller than the nanoparticle 
diameter, plasmon coupling becomes significant, resulting in a redshift of the LSPR peak due to the formation of 
lower-energy collective plasmonic modes [23]. Experimental results confirm this redshift, accompanied by a 
visible color change from red to purple (Figure 1E) [24]. The resulting spectral redshift and broadening form the 
basis of most aggregation-based colorimetric sensors. 

2.2. Mechanisms of Colorimetric Responses in Plasmonic Sensors 

The ability of AuNP-based colorimetric sensors to detect analytes relies on distinct plasmonic modulation 
mechanisms that induce measurable optical shifts. The most common mechanism is aggregation-based sensing, 
where AuNPs undergo a red-to-blue/purple color change due to interparticle plasmonic coupling when they come 
into proximity. In contrast, anti-aggregation mechanisms prevent nanoparticle aggregation, preserving their 
dispersed state and maintaining the original red color even under conditions that would otherwise promote 
aggregation, such as the presence of salt or interfering species. Other mechanisms, such as etching-based sensing, 
involve oxidative dissolution of AuNRs, causing a color fade or blue shift due to a reduction in particle size, while 
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growth-based sensing results in nanoparticle enlargement, shifting the LSPR peak toward longer wavelengths and 
intensifying the red color. 

Among these, aggregation-based sensing is the most widely used due to its simplicity and strong optical 
response. Aggregation can be triggered through several different pathways, including crosslinking-induced 
aggregation, destabilization-induced aggregation, and competitive binding-induced aggregation. 

 

Figure 1. LSPR Principles and Spectral Shifts: Effects of Particle Size, Shape, and Aggregation in Au Nanostructures 
(A) Scheme of LSPR. (B) Photographic images and corresponding UV–Vis–NIR spectra of colloidal AuNPs with 
different particle sizes. Reproduced with permission [18]. Copyright 2012, Royal Society of Chemistry. (C) 
Photographic images and corresponding UV–Vis–NIR spectra of colloidal AuNRs with different aspect ratios. 
Reproduced with permission [19]. Copyright 2010, University of Cairo. (D) Electrodynamic simulations of 20 nm 
AuNP showing extinction spectra at varying interparticle distances, with the inset illustrating the corresponding 
plasmon peak shift as a function of spacing. Reproduced with permission [22]. Copyright 2004, American Chemical 
Society. (E) Typical spectral shift observed in colloidal sensors based on the aggregation of spherical nanoparticles 
with diameter D. Reproduced with permission [24]. Copyright 2023, American Chemical Society. 

2.3. Aggregation-Based Colorimetric Sensing 

Aggregation-induced plasmonic coupling significantly alters the optical properties of AuNPs, making this 
approach highly effective for colorimetric sensing. One common mechanism is crosslinking-induced aggregation, 
where the analyte acts as a crosslinker, binding multiple nanoparticles together. This typically occurs when the 
analyte has multiple binding sites that interact with AuNP surfaces, leading to the formation of large aggregates 
(Figure 2A). Examples include metal ions such as Pb2⁺ and Hg2⁺, which can bridge AuNPs via specific interactions, 
causing a distinct red-to-blue color shift [25,26]. 

Another widely used mechanism is destabilization-induced aggregation, where the analyte disrupts the 
stabilizing ligands on the nanoparticle surface, reducing electrostatic repulsion and allowing AuNPs to aggregate. 
This can occur through charge screening, such as in salt-induced aggregation, where high ionic strength neutralizes 
the surface charge on AuNPs, leading to uncontrolled aggregation (Figure 2B). Similarly, cationic analytes like 
As3+ and Hg2⁺ can bind with the specific designed aptamers on AuNP surfaces, triggering aggregation and a 
corresponding color change [27,28]. 

Competitive binding-induced aggregation occurs when the analyte competes with existing stabilizing molecules 
on the AuNP surface, displacing them and promoting aggregation (Figure 2C). For example, thiol-containing 
molecules can replace citrate ligands on AuNPs, leading to ligand exchange and subsequent aggregation [29]. 
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Figure 2. Mechanisms of Colorimetric Responses in Plasmonic Sensors. (A) Scheme for crosslinking-induced 
aggregation. (B) Scheme for destabilization-induced aggregation. (C) Scheme for Competitive binding -induced 
aggregation. (D) Scheme for anti-aggregation-based sensing. (E) Scheme for etching-based sensing. (F) Scheme 
for growth-based sensing. 

2.4. Other Colorimetric Mechanisms: Anti-Aggregation, Etching and Growth 

While aggregation-based sensing is the dominant strategy, other plasmonic mechanisms also contribute to 
colorimetric detection. Anti-aggregation-based sensing operates in the opposite manner to aggregation; here, the 
analyte prevents AuNPs from aggregating by stabilizing their dispersed state (Figure 2D). For example, Pb2⁺ can 
induce DNA strand cleavage, releasing a fragment that adsorbs onto the AuNP surface, thereby stabilizing the 
nanoparticles and preventing aggregation under high-salt conditions [30]. 

Etching-based sensing involves the oxidative dissolution of AuNPs, leading to a reduction in particle size 
and a corresponding shift in LSPR (Figure 2E). For example, nitrite (NO2

−) can etch AuNRs to soluble Au species, 
resulting in the fading or disappearance of the original color [31]. 

Growth-based sensing involves the deposition of additional material onto existing AuNPs in the presence of 
a reducing agent, resulting in a plasmonic peak shift and a visible color change (Figure 2F). A common example 
is the reduction of Ag⁺ by formaldehyde, which leads to silver shell growth on AuNRs and alters their optical 
properties, producing noticeable shifts in color depending on the extent of silver deposition [32]. 

2.5. Surface Functionalization of AuNPs for Colorimetric Sensing 

The functionalization of AuNPs plays a crucial role in enhancing their selectivity and stability for 
colorimetric sensing applications. The most commonly used AuNPs are citrate-stabilized, relying on electrostatic 
repulsion between negatively charged citrate ligands to maintain colloidal stability [33]. However, citrate-capped 
AuNPs often lack sufficient selectivity [34] and sensitivity [25], prompting the need for further surface 
modification with specific ligands that interact selectively with target analytes. Among various strategies, thiol-
based functionalization is widely employed, as thiol groups form strong Au–S bonds, enabling stable attachment 
of molecules such as glutathione (GSH) [35–37] and cysteine [38]. These ligands not only enhance selectivity but 
also improve nanoparticle stability under diverse conditions. Amine-functionalized AuNPs offer another approach, 
where amino groups interact with the Au surface, as seen in melamine-modified systems [39]. 

A highly effective strategy for achieving selective detection involves incorporating both a recognition 
element and a thiol group into the same molecule—allowing it to react with the target analyte while anchoring 
firmly onto the AuNP surface. This dual-binding design ensures both analyte recognition and nanoparticle stability, 
minimizing nonspecific aggregation. For instance, thiolated thymine can selectively bind Hg2+ [26], thiolated 
crown ethers target specific metal ions [40], and thiolated DNA is commonly used for specific recognition [41,42]. 



Mater. Interfaces 2025, 2(3), 261–284 https://doi.org/ 10.53941/mi.2025.100021  

265 

Tailoring the surface chemistry of AuNPs makes it possible to significantly enhance sensor performance, enabling 
sensitive and selective detection of a wide range of pollutants, biomolecules, and metal ions. 

2.6. Synthesis of AuNPs for Colorimetric Sensing Applications 

In colorimetric sensing, the Turkevich method is the most widely adopted for synthesizing AuNPs, producing 
citrate-stabilized AuNPs by reducing HAuCl₄ with trisodium citrate in boiling water [43]. These nanoparticles are 
widely adopted due to their simple synthesis and ease of post-synthetic functionalization. Molecules such as GSH 
[35], melamine [39], and aptamers [44] can readily replace the citrate ligands, enabling the introduction of selective 
recognition elements while maintaining colloidal stability for sensing applications. In addition to this classical 
approach, green synthesis methods—using reducing agents such as tannic acid [45] and gallic acid [46]—have 
been proposed for their environmental friendliness and biocompatibility. 

AuNRs are also valuable tools for investigating etching processes and growth mechanisms. A typical seed-
mediated synthesis of short AuNRs involves hexadecyltrimethylammonium bromide (CTAB), silver nitrate, and 
ascorbic acid. In this method, silver ions are essential for directing rod formation and minimizing spherical 
byproducts, with aspect ratios finely controlled through the seed-to-metal precursor ratio and reagent concentrations 
[47]. Building on this, the incorporation of aromatic additives into the CTAB-based system enables AuNR synthesis 
under reduced CTAB concentrations, while significantly enhancing monodispersity and tunability [48]. 

3. Detection of Inorganic Species 

AuNP-based colorimetric sensing has been extensively applied to the detection of inorganic species, owing 
to its simplicity, high sensitivity, and visual readout. Reported systems include a wide range of analytes such as 
heavy metals (Pb2⁺, As3⁺, Hg2⁺, Tl⁺, Ag⁺), other metal ions (Sc3+, Cs⁺, Al3⁺), and anionic pollutants (CN−, NO2

−). 
In addition to single-target detection, several studies have demonstrated the simultaneous detection of multiple 
species using tailored surface ligands or differential response patterns, expanding the applicability of these sensors 
to complex environmental and biological samples. 

3.1. Detection of Lead Species 

Lead ion and other lead species are highly toxic, persistent, and bioaccumulative pollutants, primarily 
released from industrial activities, lead-based paints, batteries, and contaminated water sources [49,50]. Lead 
exposure poses severe health risks, particularly to the nervous system, kidneys, and cognitive development in 
children [51,52]. Given its environmental persistence and toxicity, effective monitoring of lead contamination is 
crucial for pollution control and public health protection. 

Lu et al. have developed a series of DNAzyme-mediated AuNP sensors for Pb2⁺ detection, utilizing an anti-
aggregation mechanism with distinct strategies [30,41,42]. In 2003, a Pb2⁺-specific DNAzyme was employed to 
regulate AuNP assembly through DNA hybridization. The system consisted of AuNPs functionalized with thiol-
modified DNA strands (DNAAu), where the thiol end binds to the AuNP surface, along with the DNAzyme and a 
DNA substrate (SubAu) that hybridizes specifically to both ends of DNAAu while maintaining the DNAzyme 
recognition portion. The hybridization between DNAAu and SubAu brought the AuNPs closer together, leading to 
aggregation and a blue color change. In the presence of Pb2⁺, the DNAzyme selectively cleaved the substrate strand, 
disrupting hybridization, preventing aggregation, and producing a red color (Figure 3A). However, this method 
required a two-hour heating and cooling cycle to facilitate hybridization [41]. To accelerate the process, in 2004, the 
design was improved by optimizing nanoparticle alignment and size, enabling faster detection in less than 10 min at 
room temperature [42]. Later, in 2008, Lu’s group introduced a label-free sensor that eliminated the need for thiol-
ended DNA to modify AuNPs and instead relied on the property of AuNPs aggregating in a high-ionic-strength 
environment. In this system, unmodified AuNPs and DNAzyme complex were treated under high-salt conditions. In 
the presence of Pb2⁺, single-stranded DNA was released from the complex and adsorbed onto AuNPs, preventing 
their aggregation under high-salt conditions (Figure 3B). This approach simplified sensor fabrication, and lowered 
the detection limit to 3 nM, surpassing regulatory standards. Additionally, pH-controlled tunability was introduced, 
allowing for the adjustment of the detection range for different environmental applications [30]. 

The synthesis of DNA oligomers can be complex and expensive, highlighting the need for a simple and cost-
effective colorimetric sensor for Pb2⁺ detection. One alternative approach relies on the aggregation mechanism, in 
which Pb2⁺ binds to functional groups on AuNPs, triggering their aggregation and causing a red-to-blue color shift. 
Frost et al. investigated the interaction between citrate-capped AuNPs and divalent heavy metal ions (Pb2⁺, Cd2⁺, 
Ni2⁺, and Hg2⁺), elucidating the molecular interactions responsible for Pb2⁺-induced aggregation. ATR-FTIR and 
computational simulations showed that Pb2⁺ uniquely binds to both unbound carboxylate groups of citrate, 
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effectively neutralizing the negative charge stabilizing AuNPs. In contrast, Cd2⁺, Ni2⁺, and Hg2⁺ primarily interact 
with already-bound carboxylate groups or exhibit weaker binding, failing to fully neutralize the surface charge. 
This charge neutralization by Pb2⁺ was further supported by zeta potential and pH measurements, which 
demonstrated a reduction in AuNP surface charge from −44.3 mV to nearly neutral (−1.1 mV), leading to a 
significant loss of electrostatic repulsion and rapid aggregation. Additionally, Pb2⁺ caused a major pH drop (from 
6.3 to 1.0), further altering surface chemistry and reinforcing nanoparticle destabilization [53]. A basic citrate-
capped AuNP sensor exploits this mechanism, detecting Pb2⁺ via direct complexation with carboxyl groups, 
achieving a detection limit of 18 μM [25]. 

GSH-functionalized AuNPs (GSH-AuNPs) have been widely used for Pb2⁺ detection as a more sensitive 
alternative to citrate-capped AuNPs [35,36]. In this system, thiol groups in glutathione strongly bind to the AuNP 
surface, while carboxyl and amino groups remain available for metal ion coordination. To minimize interference 
from other metal ions, the amino group is protonated to ammonium by adjusting the pH to 8, ensuring that only 
the carboxyl groups participate in Pb2⁺ binding. This enhances Pb2⁺ selectivity and allows it to induce aggregation 
in a manner similar to citrate-capped AuNPs but with improved sensitivity (Figure 3C). GSH-AuNPs in the 
presence of salt have been successfully used to detect Pb2⁺ with a detection limit of 100 nM [35]. The aggregation 
of AuNPs leads to an increase in particle size, which can be more effectively detected using dynamic light 
scattering (DLS). By tracking these size changes, DLS-enhanced detection achieves an ultrasensitive limit of 100 
ppt, making it suitable for analyzing Pb2⁺ in water, plastic toys, and paint [36]. 

Biocompatible materials such as tannic acid and gallic acid have been explored for AuNP functionalization 
[45,46,54]. Gallic acid stabilizes AuNPs through carboxylate interactions, while Pb2⁺ binds primarily to phenolic 
groups, inducing aggregation. The limit of detection (LOD) for Pb2⁺ using gallic acid-functionalized AuNPs is 
reported at the micromolar level [46]. Narrowing the size distribution and optimizing pH further reduced the LOD 
to 10 nM [54]. Another polyphenolic compound, tannic acid, has also been used to stabilize AuNPs, achieving an 
LOD of 60 ng/mL (0.29 µM) [45]. An alternative approach involves triazole-acetate-functionalized AuNPs, where 
a dithiol group facilitates attachment to the AuNP surface. Pb2⁺ binds to both carboxyl groups and the triazole ring, 
forming a stronger and more selective coordination complex (Figure 3D). This mechanism enhances selectivity 
over other metal ions and enables a lower detection limit of 16.7 nM [55]. 

 

Figure 3. Colorimetric sensing strategies for Pb2⁺ detection using AuNP-based sensors. (A) Schematic of an anti-
aggregation mechanism for Pb2⁺ detection, along with the visible color response on an alumina TLC plate at varying 
Pb2⁺ concentrations and in the presence of other divalent metal ions. Reproduced with permission [41]. Copyright 
2003, American Chemical Society. (B) Anti-aggregation-based, label-free colorimetric sensing of Pb2⁺. 
Reproduced with permission [30]. Copyright 2008, Wiley. (C) Detection of Pb2⁺ using GSH-AuNPs. Top: 
Schematic illustration of the sensing mechanism. Bottom: UV–vis absorption spectra of GSH-AuNPs after the 
addition of Pb2+ of varying concentrations. Reproduced with permission [35]. Copyright 2010, American Chemical 
Society. (D) Pb2⁺ detection via triazole-acetate-functionalized AuNPs. Reproduced with permission [55]. Copyright 
2014, Royal Society of Chemistry. 
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3.2. Detection of Arsenic Species 

Arsenic is a highly toxic metalloid, with its inorganic forms (As3⁺ and As5⁺) posing the greatest hazard. As a 
persistent environmental pollutant, arsenic contaminates groundwater through natural geology, mining, and industrial 
discharge, making it a widespread concern [56]. Long-term exposure to arsenic-contaminated water leads to severe 
health effects, including skin lesions, peripheral neuropathy, organ damage, and an increased risk of cancer [57]. 

As3⁺, like Pb2⁺, can be detected through AuNP aggregation mechanisms, where its interaction with surface 
ligands triggers nanoparticle clustering and a visible red-to-blue color change. Citrate-capped AuNPs can also be 
used for As3⁺ detection, with As3⁺ binding to carboxyl groups to induce aggregation. Interestingly, as-synthesized 
citrate-capped AuNPs are not initially sensitive to As3⁺. However, after removing excess citrate via dialysis, the 
detection limit improves significantly to 1.8 ppb (Figure 4A). When evaluating the selectivity of dialyzed citrate-
capped AuNPs, 256 ppb (1.24 μM) of various metal ions, including Pb2⁺, did not induce a color change [58]. 
However, it has been reported that Pb2⁺ requires a concentration of 18 μM to cause aggregation [25]. This suggests 
that while As3⁺ induces aggregation at much lower concentrations than Pb2⁺, selectivity may become a concern at 
higher Pb2⁺ concentrations. Glucose, a biodegradable and biocompatible molecule, has also been used to 
functionalize AuNPs. It utilizes hydroxyl groups, achieving a detection limit of 0.53 ppb, with selectivity tests 
confirming no aggregation in the presence of Pb2⁺, Co2⁺, Hg2⁺, Cd2⁺, Ni2⁺, or Cu2⁺ [59]. Similarly, GSH-AuNPs 
rely on carboxyl groups, detecting As3⁺ down to 0.12 ppb via RGB-based image quantification. However, Pb2⁺ 
also induces weak aggregation, indicating partial selectivity [37]. 

 

Figure 4. Colorimetric sensing strategies for As3⁺ detection using AuNP-based sensors. (A) Top: Schematic 
illustration of As3⁺ detection via dialyzed citrate-capped AuNPs. Bottom: UV–vis absorption spectra of citrate-
AuNPs after the addition of As3+ of varying concentrations. Reproduced with permission [58]. Copyright 2017, 
Springer. (B) Bimodal detection of As3⁺ based on electrostatic attraction between positively charged AuNPs and a 
negatively charged As3+ aptamer, enabling both direct (Mode D) and amplified (Mode A) sensing modes. 
Reproduced with permission [27]. Copyright 2022, Elsevier. 

Multifunctional groups enhance arsenic detection by providing strong binding sites for both AuNP 
attachment and metal coordination. GSH forms Au–S bonds via its thiol group, while its carboxyl and amino 
groups facilitate metal ion binding. Dithiothreitol (DTT) stabilizes AuNPs through Au–S bonds and reduces As 
(V) to As (III), making both oxidation states detectable. Cysteine (Cys), a thiol and amine containing amino acid, 
interacts with both AuNPs and metal ions, reinforcing the detection mechanism. 2,6-Pyridinedicarboxylic acid 
(PDCA) selectively binds to As3⁺, further improving specificity. The GSH-DTT-Cys-PDCA functionalized AuNPs 
achieve a detection limit of 2.5 ppb, making them highly sensitive for arsenic detection [38]. 

The highest selectivity is achieved with a dual-mode aptamer-based sensor, where an As3⁺-specific aptamer 
regulates nanoparticle aggregation and re-dispersion, minimizing false positives. The mechanism relies on 
electrostatic interactions between negatively charged aptamers and positively charged AuNPs. At low aptamer 
concentrations (Mode D, 8 nM), aptamers cross-link AuNPs, inducing aggregation and a red-to-blue shift. As3⁺ 
binding sequesters aptamers, breaking cross-links and re-dispersing AuNPs (blue-to-red shift). Conversely, at high 
aptamer concentrations (Mode A, 15 nM), aptamers fully coat AuNPs, preventing aggregation. As3⁺ binding 
removes aptamers, destabilizing AuNPs and triggering aggregation (Figure 4B). This dual-mode system enhances 
specificity, achieving LOD values of 0.41 ppb (Mode A) and 0.57 ppb (Mode D) for As3⁺ detection [27]. 



Mater. Interfaces 2025, 2(3), 261–284 https://doi.org/ 10.53941/mi.2025.100021  

268 

3.3. Detection of Mercury Species 

Mercury is a persistent environmental pollutant released from industrial activities, coal combustion, and 
mining, accumulating in water bodies and soil [60]. Its highly toxic forms, particularly methylmercury, 
bioaccumulate in the food chain, posing serious risks to ecosystems and human health [61]. 

Hg2⁺ can be detected using AuNP-based colorimetric sensors through different mechanisms, primarily relying 
on thymine-Hg2⁺-thymine (T-Hg2⁺-T) coordination chemistry. One straightforward approach is to functionalize 
thymine with a thiol group, allowing it to attach to AuNPs via Au-S bonds. Upon Hg2⁺ addition, T-Hg2⁺-T 
coordination bridges the nanoparticles, inducing aggregation and a color change (Figure 5A). This method 
achieves a detection limit of 2.8 nM [26]. Alternatively, Hg2⁺ can be detected without thiolation by stabilizing 
AuNPs with ssDNA in a high-salt environment. When Hg2⁺ is introduced, T-Hg2⁺-T coordination induces DNA 
hairpin formation, destabilizing the AuNPs and leading to aggregation in the presence of salt, with a LOD of 50 
nM [28]. A further variation replaces salt with the cationic polymer poly(diallyldimethylammonium chloride) 
(PDDA) as the aggregation inducer. In the absence of Hg2⁺, PDDA binds to negatively charged ssDNA, preventing 
AuNP aggregation. However, when Hg2⁺ is introduced, ssDNA folds into a hairpin structure, releasing free PDDA, 
which neutralizes the AuNP surface charge and triggers aggregation (Figure 5B). This approach offers 
ultrasensitive detection with a LOD of 0.15 nM [62]. Beyond T-Hg2⁺-T interactions, another method employs 
diethyldithiocarbamate (DDTC) as a specific ligand for Hg2⁺ detection. In this approach, Cu2⁺ in the Cu(DDTC)2 
complex is displaced by Hg2⁺, releasing a thiol group that binds to AuNPs, leading to surface charge neutralization 
and aggregation. This method detects both Hg2⁺ (LOD: 10 nM) and methylmercury (LOD: 15 nM) [63]. In a 
different approach, Hg2⁺ can be detected through its direct interaction with AuNPs, forming Hg2⁺-Au bonds that 
alter surface charge and stability. However, if citrate remains on AuNPs, it stabilizes them, making Hg2⁺ detection 
less effective. When citrate is removed, Hg2⁺ adsorption further reduces surface charge, promoting aggregation. 
This method is significantly less sensitive, with a LOD of 5 μM [64]. 

 

Figure 5. Colorimetric sensing strategies for Hg2⁺ detection using AuNP-based systems. (A) Schematic illustration 
of Hg2⁺ detection based on thymine–Hg2⁺–thymine coordination chemistry. Reproduced with permission [26]. 
Copyright 2011, Royal Society of Chemistry. (B) Top: Detection mechanism of Hg2+ through AuNP aggregation 
modulated by PDDA, leveraging the specific binding between Hg2+ and ssDNA, along with electrostatic 
interactions between PDDA and ssDNA. Bottom: UV–vis absorption spectra of AuNPs after the addition of Hg2+ 
of varying concentrations. Reproduced with permission [62]. Copyright 2015, Elsevier. 

3.4. Detection of Aluminum Species 

Aluminum is a widespread environmental pollutant, primarily released through industrial activities, mining, 
and acid rain-induced leaching from soil into water sources [65]. Elevated aluminum levels in water and soil can 
be toxic to aquatic life, plants, and humans, and have been associated with neurodegenerative disorders, including 
Alzheimer’s disease [66]. 

Citrate-capped AuNPs have also been used for Al3⁺ detection at an optimal pH of 2.9, achieving an LOD of 
1.0 µM through Al3⁺ complexation with citrate ligands, which induces aggregation (Figure 6A). The pH was tuned 
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to eliminate interference from Fe3⁺, while Pb2⁺ also triggered aggregation but with a longer response time. In 
contrast, Al3⁺ induced an immediate color change, making it more distinguishable. However, interference from 
Sb3⁺ and Cr3⁺ remained a challenge [34]. 

Beyond citrate-based detection, Al3⁺ coordination with hydroxyl groups has also been widely utilized in 
AuNP-based sensors. AuNPs have been functionalized with catechol ligands, including pyrocatechol, 3-(3,4-
dihydroxyphenyl)propionic acid, dopamine, and levodopa, which strongly chelate with Al3⁺. Upon Al3⁺ binding, 
these ligands dissociate from the AuNP surface due to their stronger affinity for Al3⁺, leading to nanoparticle 
destabilization and aggregation. Among these, dopamine-functionalized AuNPs exhibited the highest sensitivity, 
achieving a LOD of 0.81 µM [67]. Similarly, N-lauroyltyramine has been used as a capping ligand, where Al3⁺ 
forms coordination complexes with hydroxyl groups, inducing AuNP aggregation with a detection limit of  
1.15 µM [68]. Another approach employs Schiff base-functionalized AuNPs using N-(2-hydroxynaphthylidene)-
2-aminoethanethiol (HNAET) as a chelating ligand for selective Al3⁺ detection (Figure 6B). The thiol group 
anchors HNAET to the AuNP surface, while the hydroxyl and imine groups strongly chelate Al3⁺, achieving a 
detection limit of 0.29 µM [69]. 

 

Figure 6. Colorimetric sensing strategies for Al3+ detection using AuNP-based sensors. (A) Schematic illustration 
of Al3+ sensing based on citrate-capped AuNPs. Reproduced with permission [34]. Copyright 2012, Royal Society 
of Chemistry. (B) Top: Synthesis of HNAET and the ligand exchange of HNAET onto AuNP surfaces and the 
corresponding signaling mechanism for Al3+ detection using the HNAET–AuNP probe. Bottom: UV–vis absorption 
spectra of citrate-AuNPs after the addition of Al3+. Reproduced with permission [69]. Copyright 2016, Springer. 

3.5. Detection of Cesium 

Cesium primarily originates from nuclear accidents, industrial waste, and mining activities, posing 
environmental risks due to their long-term soil retention, and potential radiotoxicity [70]. 

Cs⁺ can be detected using colorimetric sensors based on nonmorphological transitions of AuNPs. Cs⁺ fits well 
into Prussian blue (PB) lattice and forms stable PB-Cs+ complex. When Prussian blue precursor (PB-P) is added to 
the AuNP dispersion, citric acid reduces Fe3⁺ to Fe2⁺, leading to the formation of a PB nanoshell on the AuNP surface, 
causing a color change from red to blue. However, in the presence of Cs⁺, PB-P preferentially reacts with Cs+. This 
interaction prevents PB deposition onto AuNPs, allowing them to retain their original red color (Figure 7A). The 
method achieved a naked-eye detection limit of 30 µM and a UV-Vis detection limit of 19 µM [71]. 

3.6. Detection of Silver Species 

Silver pollution arises from industrial discharge, mining, and medical waste, with excessive levels causing 
toxicity in aquatic ecosystems and disrupting microbial communities [72]. 

A three-step aggregation–dispersion–reaggregation mechanism can be utilized for Ag⁺ detection. First, 
AuNPs aggregate in the presence of quantum carbon dots, exhibiting a blue color. Then, upon addition of GSH, 
AuNPs redisperse, restoring the original red color. Finally, when Ag⁺ ions are introduced, they preferentially bind 
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GSH, preventing AuNP redispersion and maintaining the aggregated state (Figure 7B). This method achieves 
detection limits of 50 nM (UV-Vis) and 140 nM (naked-eye) [73]. 

3.7. Detection of Thallium Species 

Thallium pollution mainly originates from mining, smelting, and industrial waste, posing severe 
environmental and health risks due to its high toxicity, bioaccumulation, and adverse effects on the nervous [74]. 

A similar three-step mechanism is employed for Tl⁺ detection. Initially, positively charged thioflavin T (ThT) 
induces AuNP aggregation. Subsequently, the addition of negatively charged PS2.M DNA displaces ThT, redispersing 
the AuNPs. Finally, when Tl⁺ is introduced, DNA preferentially binds Tl⁺, releasing ThT, which reaggregates AuNPs 
(Figure 7C). This method demonstrates high selectivity and achieves a detection limit of 3.2 nM [75]. 

3.8. Detection of Scandium Species 

Scandium, as a rare earth element, has been widely used in various industrial applications [76], leading to its 
extensive release into the environment through waste and emissions, which may pose risks to ecosystems and 
human health [77]. 

The three-step mechanism can also be adapted for Sc3⁺ detection. Initially, positively charged pyridoxal 
phosphate (PLP) aggregates negatively charged cysteamine-stabilized AuNPs. However, when Sc3⁺ is introduced, 
it strongly binds PLP, forming a stable complex that prevents PLP-induced aggregation, resulting in AuNP 
redispersion. This approach achieves high selectivity and a detection limit of 0.02 µM [78]. 

3.9. Detection of Cyanide 

Cyanide pollution arises from industrial processes such as mining, electroplating, and chemical 
manufacturing, posing severe environmental and health risks due to its high toxicity, which can cause rapid aquatic 
life depletion [79] and human poisoning [80]. 

 

Figure 7. Colorimetric sensing strategies for Cs⁺, Ag⁺, Tl⁺, and CN− detection using AuNP-based probes. (A) 
Sensing mechanism for Cs⁺ detection based on the interaction between AuNPs and Prussian blue (PB). Reproduced 
with permission [71]. Copyright 2020, Royal Society of Chemistry. (B) Colorimetric detection of Ag⁺ via stable 
AuNP aggregation triggered by carbon dots in the presence of GSH. Reproduced with permission [73]. Copyright 
2018, American Chemical Society. (C) Thioflavin T-induced charge neutralization aggregation of AuNPs for Tl⁺ 
detection. Reproduced with permission [75]. Copyright 2022, Elsevier. (D) Schematic illustration of the CN− 
sensing mechanism based on the dual fluorescent and colorimetric response of AuNPs. Reproduced with permission 
[81]. Copyright 2016, Elsevier. 



Mater. Interfaces 2025, 2(3), 261–284 https://doi.org/ 10.53941/mi.2025.100021  

271 

Cyanide can be detected by exploiting direct reactions with the AuNP surface, beyond traditional ligand-based 
aggregation mechanisms. In one approach, AuNPs stabilized by polysorbate 20 (PS20) and fluorescein isothiocyanate 
(FITC) have been employed to detect cyanide (CN−) through a surface-etching mechanism (Figure 7D). Initially, 
FITC fluorescence is quenched when attached to the AuNP surface. Upon CN− addition, the AuNP surface is 
selectively etched, releasing FITC molecules into solution and restoring fluorescence intensity proportionally to the 
cyanide concentration (below 150 µM). At higher CN− concentrations (>150 µM), extensive etching destabilizes the 
AuNPs beyond the protective capacity of PS20, leading to particle aggregation and a visible color shift from red to 
blue-gray, enabling naked-eye detection [81]. 

3.10. Detection of Nitrite 

Nitrite is a harmful environmental pollutant commonly found in contaminated drinking water due to 
agricultural runoff and industrial waste [82]. It poses significant health risks, including methemoglobinemia and 
increased cancer risk, making its rapid and sensitive detection essential for water quality monitoring [83]. 

A highly sensitive and selective colorimetric sensor for NO2
− was developed based on the etching of AuNRs, 

producing a visible color change from bluish green to red and eventually to colorless as NO2
− concentration 

increases. Under acidic conditions, NO2
− oxidizes Au to soluble species, causing preferential axial etching, which 

reduces the nanorod aspect ratio and induces a blue-shift in the longitudinal plasmon peak. CTAB enhances this 
process by stabilizing intermediate Au–Br or Au–Cl complexes. The sensor shows excellent selectivity and a 
detection limit of 0.5 µM and visible response at 4 µM, this system enables naked-eye detection and is promising 
for field applications [31]. 

3.11. Simultaneous Detection 

While many colorimetric sensors are designed for the selective detection of a single metal ion, some 
approaches leverage broader interactions to enable the detection of multiple metal species. 

Colorimetric sensor arrays provide effective platforms for simultaneously detecting and differentiating 
multiple metal ions. One array utilizes AuNPs functionalized with 11-mercaptoundecanoic acid combined with 
various amino acids (lysine, cysteine, histidine, tyrosine, and arginine) to detect Hg2⁺, Cd2⁺, Fe3⁺, Pb2⁺, Al3⁺, Cu2⁺, 
and Cr3⁺. The metal–ligand interactions produce distinct responses: some ions directly induce aggregation, some 
modulate aggregation cooperatively with amino acids, and others form stable metal–amino acid complexes, 
preventing aggregation (Figure 8A). This results in unique colorimetric fingerprints, enabling simultaneous 
detection and differentiation of these metal ions, with detection limits in the micromolar range (approximately  
2–50 µM) [84]. Another array employs AuNPs individually functionalized with cysteine, glutathione, or melamine 
to discriminate among Ti⁴⁺, Cr3⁺, Mn2⁺, Fe3⁺, Pb2⁺, and Sn⁴⁺. Each metal ion produces a distinct colorimetric 
fingerprint, enabling accurate differentiation and quantification through linear discriminant analysis (LDA) with 
high selectivity and sensitivity in the concentration range of 100–900 nM [85]. 

Crown ether cavities can selectively bind metal ions such as Ba2⁺, Cd2⁺, and Pb2⁺. To attach crown ether (4′-
aminobenzo-18-crown-6) onto AuNP surfaces, a thiol group is introduced via reaction with 3-mercaptonicotinic 
acid, forming stable Au–S bonds. Metal ions (Ba2⁺, Cd2⁺, and Pb2⁺) interact selectively with the crown ether cavity, 
reducing electrostatic repulsion between AuNPs and inducing aggregation, resulting in a visible color shift  
(Figure 8B). Although this sensor achieves low detection limits (20 nM for Ba2⁺ and Cd2⁺; 50 nM for Pb2⁺), it 
cannot individually differentiate among these three ions, despite good selectivity over other tested metal ions [86]. 
Another approach employs thiolated calixarene ligands attached to AuNP surfaces, providing both aggregation-
based and alloy-formation-based sensing mechanisms. In this method, Pb2⁺ ions cause AuNP aggregation by 
bridging nanoparticles through calixarene cavities, while Cu2⁺ ions undergo reduction upon interaction with 
AuNPs, forming an Au–Cu alloy shell via anti-galvanic exchange. This method achieves detection limits of 0.65 
ppm for Cu2+ and 10 ppm for Pb2⁺ [40]. 

The binding between heavy metal ions and protein can also be utilized for sensing. Papain protein adsorbed 
on AuNPs via hydrophobic and electrostatic interactions. Metal ions bind specifically to the sulfur groups of 
papain’s cysteine residues, reducing electrostatic repulsion and causing AuNP aggregation. This aggregation 
induces a visible color shift from red to blue, allowing easy, naked-eye detection. Although the sensor does not 
distinctly differentiate among Hg2⁺, Pb2⁺, and Cu2⁺ ions, it effectively discriminates them as a group from other 
common metal ions, with detection limits around 200 nM [87]. 
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Figure 8. Simultaneous colorimetric detection of toxic metal ions using AuNP-based systems. (A) Schematic 
representation of the interactions among metal ions, amino acids, and AuNPs. Reproduced with permission [84]. 
Copyright 2014, American Chemical Society. (B) Top: Colorimetric detection mechanism of Ba2⁺, Pb2⁺, and Cd2⁺ 
using crown ether-functionalized AuNPs. Bottom: UV–vis absorption spectra crown ether-AuNPs after the addition 
of Ba2+, Pb2+, and Cd2+. Reproduced with permission [86]. Copyright 2019, Royal Society of Chemistry. 

4. Detection of Organic Molecules 

AuNP-based colorimetric sensing has been successfully applied to the detection of organic molecules. 
Reported systems include a wide variety of targets such as pesticides, fungicides, antibiotics, as well as food and 
environmental contaminants like clenbuterol, azodicarbonamide, bisphenol A (BPA), formaldehyde, T-2 toxin, 
and microcystin-LR. 

4.1. Detection of Pesticides and Fungicide 

Pesticides and fungicides are widely used in agriculture to protect crops from pests and diseases, but their 
environmental impact is a growing concern. These chemicals can leach into soil and water sources, leading to 
contamination that affects non-target organisms, including beneficial insects, aquatic life, and soil microbiota 
[88,89]. Many pesticides persist in the environment, accumulating in the food chain and posing long-term 
ecological and health risks. Excessive exposure to certain pesticides has been linked to neurological disorders, 
endocrine disruption, and cancer in humans [90]. 

A colorimetric sensor array utilizing citrate-capped AuNPs enables the discrimination of organophosphate 
pesticides (OPs) through their pH- and ionic strength-dependent interactions with citrate ligands (Figure 9A). OPs 
induce AuNP aggregation via hydrogen bonding and electrostatic interactions, with their affinity for citrate 
modulated by protonation or hydrolysis under varying pH conditions (4.5, 6.5, 9.0). Additionally, increasing ionic 
strength (0, 5, 15 mM NaCl) weakens citrate stabilization, altering aggregation behavior and generating distinct 
spectral response patterns for classification via hierarchical cluster analysis and LDA, with a detection range of 
120–400 ng/mL [91]. A ligand exchange-based mechanism offers an alternative approach for pesticide 
discrimination, where pesticides containing thiol, amine, carbonyl, or nitrile functional groups replace citrate on 
AuNP surfaces, leading to destabilization, aggregation, and a red-to-blue color shift. Detection is pH-dependent, 
with acephate (346 nM), phenthoate (3.0 nM), and profenofos (600 nM) aggregating at pH 4; acetamiprid (0.624 
nM) and chlorothalonil (375 nM) at pH 6; and cartap (17 nM) at neutral pH, demonstrating high selectivity and 
applicability in water and food analysis [29]. Citrate-capped AuNPs have also been used to detect terbuthylazine 
(TBA) and dimethoate (DMT) via distinct charge-based mechanisms. TBA, carrying a strong positive charge, 
neutralizes citrate’s negative charge, inducing aggregation and a red-to-blue color change. In contrast, DMT 
undergoes alkaline hydrolysis, producing negatively charged species that stabilize AuNPs, preventing aggregation 
and resulting in a gray-to-red color shift (Figure 9B). This sensor exhibited high selectivity, with LODs of 0.3 µM 
(visual) and 0.02 µM (UV-Vis) for TBA and 20 nM (visual) and 6.2 nM (UV-Vis) for DMT [92]. 
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A label-free colorimetric assay has been developed for the detection of prothioconazole. The thiocarbonyl 
group in prothioconazole binds to AuNPs via Au–S interactions, while hydrogen bonding between prothioconazole 
molecules induces nanoparticle aggregation, resulting in a wine red-to-royal purple color shift (Figure 9C). The 
assay achieved a LOD of 0.38 µg/L under optimal conditions (pH 10, 1-min incubation, 0.15 M NaCl) and 
demonstrated high selectivity with minimal interference from other compounds [93]. A simple and rapid 
colorimetric sensor has been developed for the detection of tetramethylthiuram disulfide (thiram) based on the 
anti-aggregation of AuNPs. The detection mechanism relies on 4-aminothiophenol-functionalized AuNPs, where 
the thiol group anchors to the AuNP surface, and the amine group coordinates with Ag⁺, inducing aggregation. 
However, in the presence of thiram, its strong binding affinity for Ag⁺ captures the ions, preventing AuNP 
aggregation and restoring the original red color (Figure 9D). This system enables naked-eye detection within  
15 min, with a detection limit of 0.04 μM. The sensor demonstrates high selectivity against other pesticides and 
metal ions and has been successfully applied to apple and soil samples [94]. 

 

Figure 9. Colorimetric sensing strategies for pesticide and fungicide detection using AuNP-based probes. (A) 
Diagram of a colorimetric sensor array and detection principle for OPs based on citrate-stabilized AuNPs. 
Reproduced with permission [91]. Copyright 2016, American Chemical Society. (B) Schematic illustration of the 
detection mechanism for TBA and DMT, along with the reaction equation of DMT under alkaline conditions. 
Reproduced with permission [92]. Copyright 2018, Elsevier. (C) Prothioconazole-induced colorimetric response 
of AuNPs. Reproduced with permission [93]. Copyright 2020, American Chemical Society. (D) Schematic 
illustration of thiram detection using 4-aminothiophenol-functionalized AuNPs. Reproduced with permission [94]. 
Copyright 2022, Elsevier. 

4.2. Detection of Veterinary Drug Residues 

Clenbuterol, a strictly regulated growth promoter in livestock, can contaminate meat products and pose 
serious health risks to consumers, including cardiovascular complications, and metabolic disturbances [95,96]. 

A rapid and selective colorimetric sensor for CB detection has been developed using cysteamine-modified 
AuNPs. In this system, the thiol group of cysteamine binds to the AuNP surface, while the amine group remains 
exposed, enabling hydrogen bonding interactions with the hydroxyl, chloride, and amine groups of clenbuterol. 
These interactions induce AuNP aggregation, leading to a wine red-to-blue-gray color change, which is detectable 
by naked-eye observation or UV-vis spectroscopy. This sensor achieves a detection limit of 50 nM, demonstrating 
excellent selectivity against common food components [97]. Similarly, melamine-functionalized AuNPs have been 
employed for CB detection, where hydrogen bonding interactions between CB and melamine trigger AuNP 
aggregation, resulting in a wine red-to-blue color shift (Figure 10A). This method achieves an ultra-low detection 
limit of 2.8 × 10−11 M, offering a highly sensitive and cost-effective approach for clenbuterol analysis [39]. 
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Figure 10. Colorimetric sensing strategies for CB and microcystin-LR using AuNP-based systems. (A) Left: 
Schematic illustration of the detection procedure for CB using melamine functionalized AuNPs. Right: UV–vis 
absorption spectra of AuNPs after the addition of CB of varying concentrations. Reproduced with permission [39]. 
Copyright 2012, Elsevier. (B) Schematic representation of the colorimetric sensing mechanism for the analytical 
determination of microcystin-LR. Reproduced with permission [106]. Copyright 2015, Elsevier. 

4.3. Detection of Antibiotics 

Antibiotics enter the environment through pharmaceutical waste, livestock runoff, and wastewater discharge, 
leading to contamination of soil and water systems [98,99]. Their persistent presence promotes the development 
of antibiotic-resistant bacteria, posing serious risks to ecosystems and public health by reducing the effectiveness 
of essential medical treatments [100]. 

Hydrogen bonding interactions are also utilized for antibiotic detection. Kanamycin, an aminoglycoside 
antibiotic, contains multiple amino and hydroxyl groups capable of forming hydrogen bonds. To exploit this 
property, AuNPs are functionalized with 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole (AHMT), where the thiol 
group anchors onto the AuNP surface. Upon kanamycin addition, hydrogen bonding interactions between 
kanamycin and AHMT facilitate nanoparticle aggregation, leading to a visible red-to-deep purple color shift. This 
sensor achieves a detection limit of 0.004 μM, demonstrating high sensitivity and selectivity [101]. Another 
approach to detect antibiotics is using aptamers. The AuNPs are first stabilized with aptamers in high salt condition 
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while with the tetracycline (TET) and chloramphenicol (CAP), the antibiotics selectively bind to aptamers and this 
binding reduces the aptamer’s ability to stabilize the AuNPs, leading to the detachment of the recognized fragment 
and subsequent AuNP aggregation causing aggregation in high-salt conditions. The sensor demonstrates high 
selectivity and sensitivity, achieving detection limits of 32.9 nM for TET and 7.0 nM for CAP [102]. 

4.4. Detection of Industrial and Natural Contaminants in Food and Water 

Microcystin-LR is a potent hepatotoxin produced by cyanobacteria in contaminated water sources [103]. T-
2 toxin is a mycotoxin from Fusarium fungi, contaminating food and feed, causing immunotoxic and cytotoxic 
effects [104]. Bisphenol A (BPA) is an industrial chemical used in plastics, acting as an endocrine disruptor with 
potential health risks [105]. 

Aptamers can also be utilized for both natural toxins and chemical contaminants detection. In this approach, 
aptamers first stabilize AuNPs in a high-salt environment, preventing aggregation. Upon introduction of target, 
the aptamers selectively bind to their targets, undergo conformational changes, and detach from the AuNP surface, 
triggering nanoparticle aggregation and a visible color shift (Figure 10B). This method enables the detection of 
microcystin-LR (LOD: 0.37 nM) [106], T-2 toxin (LOD: 57.8 pg/mL) [107], and bisphenol A (LOD: 0.004 nM) 
[108], demonstrating high sensitivity and specificity. 

Azodicarbonamide (ADA), used as a food additive and dough conditioner, can contribute to environmental 
pollution through industrial emissions and wastewater discharge, potentially forming harmful byproducts that 
impact air and water quality [109]. ADA can be detected using an anti-aggregation mechanism. Unlike previously 
introduced methods, GSH is used to induce AuNP aggregation post-synthesis. GSH binds to AuNP surfaces via 
Au–S bonding, while its zwitterionic groups promote aggregation through electrostatic interactions. Upon 
introduction of ADA, GSH undergoes oxidation, leading to thiol dimerization and the formation of glutathione 
disulfide. This modification prevents GSH from cross-linking AuNPs, reducing aggregation and restoring the red 
color. The sensor achieves a visual detection limit of 0.33 µM (38.3 ppb) and a spectrophotometric detection limit 
of 0.23 µM (26.7 ppb) [110]. 

4.5. Detection of Formaldehyde 

Formaldehyde (HCHO) is a toxic environmental pollutant commonly released from industrial emissions, 
building materials, and household products [111]. It poses serious health risks, including respiratory irritation, 
allergic asthma, and increased cancer risk with long-term exposure [112]. 

An ultra-sensitive colorimetric sensor for HCHO was developed based on its ability to reduce Ag⁺, forming 
Au@Ag core–shell nanorods. Ag0 selectively deposits on the tips of AuNRs, where CTAB shields the sides, 
increasing the aspect ratio and inducing a redshift in the longitudinal plasmon band accompanied by a visible color 
change. The sensor achieves a detection limit as low as 6.3 × 10−11 g/mL, offering a rapid, label-free, and selective 
method suitable for on-site environmental monitoring [32]. 

5. Colorimetric Sensors Beyond AuNPs 

Although AuNPs are the most used plasmonic materials in colorimetric sensors, other plasmonic 
nanoparticles, such as silver and copper nanoparticles (AgNPs and CuNPs), have also been explored. AgNPs 
exhibit a color change from yellow to red upon aggregation and, like AuNPs, citrate-capped AgNPs have been 
used to detect Ni2+ via crosslinking-induced aggregation [113]. Similarly, GSH-capped AgNPs show Ni2+-induced 
aggregation behavior [114]. Green-synthesized AgNPs have also demonstrated detection capability for ions such 
as Hg2+, Pb2+, and Zn2+ [115]. In the case of Cu, L-cysteine [116] and citrate-capped nanoparticles [117] have been 
used for Hg2⁺ detection. Together, AgNPs and CuNPs expand the colorimetric sensing toolkit beyond AuNPs, 
enabling complementary detection strategies for environmental pollutants. 

In addition to plasmonic nanosensors, other colorimetric sensing strategies have also been widely explored 
for environmental pollutant detection. Intramolecular charge transfer transitions enable highly selective sensing 
of Cu2+, resulting in a visible color change from yellow to blue [118]. Fluorescence resonance energy transfer 
between donor and acceptor molecules allows for highly sensitive detection of Hg2+, accompanied by a shift 
from greenish-yellow to orange [119]. Specific recognition between small-molecule ligands and various metal 
ions enables distinct color responses for multimetal ion identification [120]. Fluorescence quenching between 
Fe3+ and nitrogen-doped graphene quantum dots demonstrates excellent sensitivity and selectivity [121]. Metal–
organic frameworks with nitro-functionalized linkers also show promise as dual-mode sensors, exhibiting 
luminescent turn-off or turn-on responses for MnO4

− and Hg2+, respectively [122]. The synthesis routes and 
detection mechanisms of these sensors vary significantly from system to system. In contrast, most AuNP-based 
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colorimetric sensors rely on aggregation-induced color change, with AuNPs serving as readily available and 
tunable templates. Notably, many non-plasmonic colorimetric sensors incorporate fluorescence-based 
detection, often requiring UV illumination for visual readout. In these systems, the design and synthesis of the 
sensing molecule play a central role in performance. Additionally, non-plasmonic systems often produce a wider 
range of color transitions, whereas AuNP-based sensors typically shift from red to purple (or vice versa). While 
differing in mechanism and design, these sensor types offer complementary strengths, and integrating plasmonic 
platforms with other colorimetric approaches may further enhance the performance and adaptability of future 
sensing systems. 

6. Summary and Outlook 

AuNP-based colorimetric sensing has emerged as a powerful platform for the rapid, sensitive, and visual 
detection of a wide range of analytes. This review highlights the diverse mechanisms underlying AuNP-based 
colorimetric sensing, including aggregation-based strategies such as classical aggregation, anti-aggregation, and 
ligand exchange, along with non-aggregation mechanisms like growth and etching, which alter the optical 
properties of AuNPs through changes in size, shape, or surface composition. These approaches enable the 
detection of various inorganic species, such as metal ions and anions, as well as organic targets, including 
pesticides, antibiotics, industrial additives, and toxins. Table 1 summarizes the key sensing attributes of 
representative colorimetric nanosensors, including analyte type, LOD, dynamic range, selectivity, response 
time, and notable sensor characteristics. The strength of AuNP-based sensors lies in their simplicity, low cost, 
and ease of interpretation via visible color changes without the need for sophisticated instrumentation. 
Furthermore, the surface chemistry of AuNPs is highly adaptable, allowing selective recognition through 
various chemistries and providing a flexible foundation for designing highly tailored sensing systems. 

Despite significant advances, several practical challenges remain. While many sensing systems claim 
selectivity, most studies still rely on simplified interference tests with metal ion mixtures, and only a few have 
demonstrated reliable performance in complex sample matrices such as milk, urine, or paint extracts. Additionally, 
although the visual nature of colorimetric sensing is appealing, quantifying subtle color variations remains difficult 
without external instrumentation. Some approaches address this by incorporating smartphone-based RGB analysis, 
UV-vis spectrometry, or even fluorescence and DLS—but these additions often compromise the simplicity that 
makes colorimetric methods attractive in the first place. Lowering the detection limit has been a major focus, with 
aptamer-based sensors showing impressive sensitivity. However, the high cost and structural complexity of DNA-
based components limit their widespread application. 

Looking ahead, more efforts should focus on bridging the gap between laboratory demonstrations and real-
world usability. Many studies still lack rigorous validation in real sample matrices, and reproducibility is often 
underreported or unsupported by statistical analysis. While colorimetric methods are valued for their simplicity, 
consistently and quantitatively interpreting color changes remains challenging. Current strategies using RGB 
values or UV-vis absorbance ratios can be inconsistent or dependent on lighting and instrumentation. To address 
this, incorporating hue-based color models could provide a more standardized approach to quantifying visual 
responses [24]. Future work should emphasize developing robust, low-cost, and user-friendly analysis tools—such 
as smartphone apps with hue extraction—and validating sensor performance under practical conditions. 

Overall, AuNP-based colorimetric sensing remains a dynamic and evolving field with broad potential across 
environmental monitoring, food safety, and beyond. Realizing its full potential will depend on continued 
innovation in surface chemistry, signal quantification, and device integration—ultimately paving the way for 
practical, on-site, and user-friendly sensing solutions. 
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Table 1. Key sensing attributes of representative sensors. 

Refs. Analytes  LOD Dynamic 
Range Selectivity Over Response 

Time Features/Limitations 

[41] Pb2+ 0.1 μM 100 nM–4 μM Mg2+, Ca2+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+, 
Cd2+ 2 h Long incubation time 

[42] Pb2+ 0.4 μM  0.4–2 µM  Co2+, Zn2+, Cd2+, Mn2+, Ni2+, Ca2+, Mg2+ 10 min  High sensitivity; fast 
detection 

[30] Pb2+ 
pH 7.2: 3 nM 
pH 5.5: 120 

nM  

pH 7.2: 3 nM–
12 µM pH 5.5: 
120 nM–20 µM 

Zn2+, Mn2+, Co2+, Ni2+, Cd2+, Ca2+, Mg2+, 
Hg2+ 6 min High sensitivity; label-

free Au NPs 

[25] Pb2+ 18 μM 18–100 μM  Zn2+, Ni2+, Cu2+, Mg2+, Se4+, Cr6+, As5+, 
Hg2+, Fe3+, Al3+, Ca2+, Li+, Sn2+, Cd2+ 0 min  Low sensitivity; fast 

response 

[35] Pb2+ 100 nM 0.1–50 μM  Hg2+, Mg2+, Zn2+, Ni2+, Cu2+, Co2+, Ca2+, 
Mn2+, Fe2+, Cd2+, Ba2+, Cr3+ 0 min Fast response  

[36] Pb2+ 100 ppt 100–25,000 ppt Mg2+, Ca2+, Hg2+, Mn2+, Fe2+, Cu2+, Ni2+, 
Co2+, Zn2+, Cd2+ 20 min High sensitivity (DLS-

enabled) 

[54] Pb2+ 10 nM 10–1000 nM  
Li+, Na+, K+, Mg2+, Ca2+, Sr2+, Ba2+, Mn2+, 

Fe2+, Fe3+, Co2+, Ni2+, Au3+, Cu2+, Zn2+, 
Cd2+, Hg2+, Pb2+ 

20 min High sensitivity; broad 
selectivity testing 

[45] Pb2+ 0.29 μM 80 ng/mL–25 
µg/ml Ni2+, Co2+, Mg2+, Ca2+, Zn2+, Fe3+ 5 min Low sensitivity and 

selectivity  

[55] Pb2+ 16.7 nM 0.5–8 µM  
Ag+, Al3+, Ca2+, Cd2+, Co2+, Cr3+, Cr6+, 

Cu2+, Fe2+, Fe3+, Hg2+, Mg2+, Mn2+, Ni2+, 
Pb2+, Zn2+ 

10 min High sensitivity 

[58] As3+ 1.8 ppb 4–100 ppb  
K⁺, Cu2+, Mn2+, Zn2+, Mg2+, Na⁺, Hg2+, 
Fe2+, Fe 3+, Ca2+, Ni2+, Pb2+, Cd2+, Cr3+, 
Al3+, As5+, CH4AsNaO3, (CH3)2AsO2H 

6 min 
High sensitivity via 
dialyzed citrate-Au 

NPs 

[59] As3+ 0.53 ppb 1–114 ppb As3+, Pb2+, Co2+, Hg2+, Cd2+, Ni2+, Cu2+ 5 min Green synthesis with 
glucose  

[37] As3+ 0.12 ppb 0.12–1 ppb Fe3+, Co2+, Ni2+, K+, Na+, Mg2+, Ca2+, 
Cu2+, Hg2+, Pb2+ 1 h RGB quantification; 

narrow range 
[38] As5+, As3+ 2.5 μg/L 0.25–20 μg/L Cu2+, Ni2+, Co2+, Ca2+, Mg2+, Na⁺ N/A As5+ detection 

[27] As3+ 
Mode D: 0.57 
ppb Mode A: 

0.41 ppb  

Mode D: 2–240 
ppb Mode A: 

2–40 ppb  

Pb2+, Ag+, Fe3+, Zn2+, Cd2+, Cu2+, Ni2+, 
Cr3+, Bi3+, K+, Na+, Mg2+, Al3+, Ba2+, Sn2+, 

Ca2+, As5+, CH4AsNaO3, (CH3)2AsO2H 
35 min High sensitivity 

[26] Hg2+ 2.8 nM 5 nM–1000 nM Cd2+, Mg2+, Co2+, Zn2+, Pb2+, Mn2+, Ni2+, 
Cr3+, Cu2+, Fe2+, Fe3+, Na+ 5 min Broad dynamic range 

[28] Hg2+ 50 nM 25–750 nM Co2+, Mn2+, Pb2+, Ca2+, Cd2+, Cr3+, Zn2+, 
Cu2+, Ni2+, 40 min Long incubation time 

[62] Hg2+ 0.15 nM 0.25–500 nM Zn2+, Mg2+, Cu2+, Mn2+, Cd2+, Ni2+, Pb2+ 3 min  High sensitivity 

[63] Hg2+, CH3Hg+  
Hg2⁺: 10 nM 
CH3Hg+:15 

nM  

Hg2⁺:10 nM–
1.5µM 

CH3Hg+:15 
nM–0.8 µM  

Cd2+, Pb2+, Mg2+, Mn2+, Co2+, Ba2+, Zn2+, 
Ag+  2 min CH3Hg+ detection  

[64] Hg2+ 5 μM N/A Cu2+, Zn2+, Co2+, Mg2+, Ni2+, Ba2+ 20 min Low sensitivity  

[34] Al3+ 1 μM N/A Hg2+, Fe3+, Cd2+, Ag+, Cu2+, Ni2+, Zn2+, 
Mn2+, Co2+, Pb2+, Al3+ 0 min 

Low sensitivity; fast 
response; Sb3+/Cr3+ 

interference  

[67] Al3+ 0.81 μM  1–3.5 μM  Ag+, Mg2+, Ca2+, Mn2+, Co2+, Ni2+, Cu2+, 
Zn2+, Cd2+, Hg2+, Pb2+, Fe2+, Fe3+, Cr3+ 1 min Narrow dynamic range 

[68] Al3+ 1.15 μM 1.15–12 μM  
K+, Ag+, Na+, Ba2+, Cd2+, Ca2+, Cu2+, Pb2+, 
Mn2+, Mg2+, Hg2+, Ni2+, Pt2+, Sn2+, Zn2+, 

Al3+, Co3+, Cr 3+, Au3+, Fe3+ 
1 min Low sensitivity  

[69] Al3+ 0.29 μM  9–23 μM  Ag+, Cd2+, Co2+, Al3+, Cr3+, Cu2+, Fe3+, 
Hg2+, Mg2+, Mn2+, Ni2+, Pb2+, Ba2+, Zn2+ 10 s Relatively high 

sensitivity 

[71] Cs+ 19 μM 19–70 μM  Li+, Na+, K+, Ca2+, Al3+, Mn2+, Fe2+, Mg2+, 
NH₄⁺, PO₄3−, Cl− 23 min Low sensitivity 

[73] Ag+ 50 nM  100–4000 nM Cd2+, Fe3+, Ca2+, Mn2+, Cu2+, Co2+, Ni2+, 
Al3+, Zn2+, Pb2+ 10 min High sensitivity  

[75] Tl+ 3.2 nM 0.01–0.6 μM  
K+, Na+, Mg2+, Ca2+, Al3+, Co2+, Ni2+, 

Mn2+, Cu2+, Zn2+, Fe3+, Cr3+, Cd2+, Ag+, 
Pb2+, Hg2+ 

10 min High sensitivity  

[78] Sc3+ 0.02 μM 0.1–3 μM  
Ce3+, Pr3+, Nd3+, Sm3+, Eu3+, Gd3+, Tb3+, 
Dy3+, Ho3+, Er3+, Tm3+, Yb3+, Lu3+, Y3+, 

La3+ 
1 min Narrow dynamic range 

[81] CN− 0.1 μM 0.1–50 μM  

Cl−, Br−, BrO3
3−, C6H5O7

−, NO3
−, CO3

2−, 
PO4

3−, F−, SO3
2−, S2O8

−, SO4
2−, ClO4

−, 
CH3COO−, Li+, Mg2+, K+, Ca2+, Cr3+, 

Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Cd2+, Zn2+, 
Hg2+, Pb2+ 

30 min High selectivity  

[31] NO2
− 4 μM  1.0–15.0 μM  

NO3
−, SO4

2−, PO4
3−, Ac−, Br−, SCN−, 

ClO4
−, S2−, Cu2+, Pb2+, Mg2+, Hg2+, Cd2+, 

Zn2+, Al3+, Mn2+, Ag+, Cr3+ 
10 min  Narrow dynamic range 

[84] Hg2⁺, Cd2⁺, Fe3⁺, Pb2⁺, Al3⁺, 
Cu2+, Cr3⁺ 

Pb2⁺, Hg2⁺:2 
μM Fe3+:10 

μM 
2–50 μM Ag+, Ca2+, Zn2+, Co2+, Ni2+, Sr2+, K+, Na+, 

Fe2+ 15 min 
Multi-metal-ion 

discrimination; Low 
sensitivity  
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Table 1. Cont. 

Refs. Analytes  LOD Dynamic 
Range Selectivity Over Response 

Time Features/Limitations 

[85] Ti4+, Cr3+, Mn2+, Pb2+, Sn4+, 
Fe3+ 

100 nM for 
all 

Ti4+, Cr3+ Mn2+, 
Pb2+: 100−900 

nM 
Sn4+:100−1000 

nM 
Fe3+:100−800 

nM 

N/A 20 min No selectivity testing 

[86] Ba2+ Cd2+ Pb2+ 
Ba2+: 20 nM 
Cd2+: 20 nM 
Pb2+: 50 nM 

Ba2+: 0.02–22 
μM 

Cd2+: 0.02–
10μM  

Pb2+: 0.05–
10μM  

NH4
+, SO4

2−, CO3
2−, PO4

3−, Al3+, Zn2+, Cs+, 
Rb+, K+, Li+, Fe3+, Fe2+, Na+, Mg2+, Cu2+, 

Ni2+, Ca2+, Mn2+, Co2+, Cr3+ 
20 min 

Cannot differentiate 
individual cation; high 

sensitivity  

[40] Pb2⁺, Cu2⁺ 
0.65 ppm 
Cu2+ 10.0 
ppm Pb2+ 

N/A Li+, Na+, K+, Ba2+, Mg2+, Fe3+, Cs+, Hg2+, 
Ca2+, Zn2+, Cd2+, Ni2+, Sr2+, Cu2+, Pb2+ N/A 

Pb2+ vs Cu2+ color 
different; range not 

reported 

[87] Hg2⁺, Pb2⁺, Cu2⁺ 200nM for all 0.2–1 μM Ba2+, Ca2+, Cd2+, Co2+, Fe3+, Mg2+, Mn2+, 
Ni2+ Zn2+ N/A Cannot differentiate 

individual ions 

[91] 

Azinphosmethyl (AM) 
Chlorpyrifos (CP) 
Fenamiphos (FP) 

Pirimiphosmethyl (PM) 
Phosalone (PS) 

AM: 7 ng/mL 
CP: 118 

ng/mL FP: 7 
ng/mL PM: 

30 ng/mL PS: 
37 ng/mL 

AM: 80–400 
ng/mL CP: 12–
800 ng/mL FP: 
80–400 ng/mL 
PM: 40–800 

ng/mL PS: 40–
320 ng/mL 

carbaryl, carbofuran, methiocarb, 
pirimicarb, imidacloprid, thiamethoxam, 

tebuconazole, propiconazole  
10 min Simultaneous detection 

and discrimination 

[29] 

Acephate (AC) Phenthoate 
(PT) Profenofos (PF) 

Acetamiprid (AP) 
Chlorothalonil(CT)Cartap 

AC: 3.46 × 
10−7 M PT: 

3.0 × 10−9 M 
PF: 6.0 × 10−7 
M AP: 6.24 × 
10−10 M CT: 

3.75 × 10−7 M 
Cartap: 1.7 × 

10−8 M 

AC: 10–900 
μM PT: 0.01–
1.50 μM PF: 
1.0–200 μM 

AP: 0.001–0.15 
μM CT: 1.0–

1000 μM 
Cartap: 0.05–

1.50 μM 

Na+, K+, Cu2+, Zn2+, Cd2+, Fe2+, Mn2+, 
Mg2+, Ba2+, Cr3+, Fe3+, Al3+, Cl−, I−, Br−, 

NO3
−, SO4

2−, Cr2O7
2− 

5 min High selectivity  

[92] TBA, DMT 
TBA: 0.02 
μM DMT: 

6.2 nM  

TBA: 0.1–0.9 
μM DMT: 1–40 

nM 
30 kinds of environmental pollutants 5 min Broad selectivity 

testing  

[93] Prothioconazole 0.38 μg/L 1.33–19.99 
μg/L 

prothioconazole-desthio, fluxapyroxad, 
fluazinam, azoxystrobin, metconazole, 

pyraclostrobine, methoxone, 
diflubenzuron and cyazofamid, thiodicarb 

1 min High sensitivity; fast 
response  

[94] Thiram 0.04 μM 0.05–2.0 μM 

ethametsulfuron, diniconazole, 
thiophanate, gibberellins, dinotefuran, 
2mercaptobenzothiazole, nereistoxin 

oxalate. 

12 min Low sensitivity, narrow 
range  

[97] CB 0.05 μM 0.05–1 μM 
alamime, phenylalanine, glycerol, vitamin, 

threonine, urea, cysteamine, glucose, 
glycine, NaCl, CaCl2 

15 min Low sensitivity, narrow 
range 

[39] CB 2.8 × 10−11 M 2.8 × 10−10–1.4 
× 10−6 M 

DL-epinephrine, phenylalamine, 
tryptohan, alamine, uric acid, glycine, 
glycerol, glucose, MgCl2, CaCl2, NaCl 

2 min Broad range, fast 
response  

[106] Microcystin-LR 0.37 nM 0.5 nM–7.5 μM acetaminprid, glyphosate, dylox, atrazine, 
clofentezine 15 min Broad dynamic range, 

high sensitivity  

[107] T-2 toxin 57.8 pg/mL 0.1 ng/mL–
5000 ng/mL  

aflatoxins B1, ochratoxin A, zearalenone, 
fumonisin B 40 min 

Broad dynamic range, 
high sensitivity, long 

incubation time 

[108] Bisphenol A 1 pg/mL  0.001–1000 
ng/mL 

bisphenol B, bisphenol C, diphenolic acid, 
bisphenol AF 40 min 

Broad dynamic range, 
high sensitivity, long 

incubation time 

[110] Azodicarbonamide 0.23 μM  0.12 μM–1.00 
μM 

dibenzoyl peroxide, potassium bromate, 
cysteine 2 h 

Short dynamic range, 
low selectivity, long 

incubation time  
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